Zinc is an essential microelement; its importance to skin is shown by severe skin symptoms in hereditary or acquired zinc deficiency, by the improvement of several skin conditions using systemic or topical zinc preparations and by the induced intracellular zinc release upon UVB exposure, which is the main harmful environmental factor to skin. Understanding the molecular background of the role of zinc in skin may help to gain insight into the pathology of skin disorders and to provide evidence for the therapeutic usefulness of zinc supplementation.
Abstract
Zinc is an essential microelement; its importance to skin is shown by severe skin symptoms in hereditary or acquired zinc deficiency, by the improvement of several skin conditions using systemic or topical zinc preparations and by the induced intracellular zinc release upon UVB exposure, which is the main harmful environmental factor to skin. Understanding the molecular background of the role of zinc in skin may help to gain insight into the pathology of skin disorders and to provide evidence for the therapeutic usefulness of zinc supplementation.
Herein, we studied the effect of zinc chloride (ZnCl 2 ) exposure on the function of HaCaT keratinocytes, and we found that a non-toxic elevation in the concentration of extracellular zinc (100 µM) facilitated cell proliferation and induced significant alterations in the mRNA expression of NOTCH1, IL8, and cyclooxygenase-2. In addition, we detected increased heme oxygenase-1 (HMOX1) expression and non-toxic generation of superoxide in the first 4 h.
Regarding the effect on UVB-induced toxicity, although the level of cyclobutane pyrimidine dimers in keratinocytes pre-treated with zinc for 24 h was reduced 3 h after UVB irradiation, we found significantly enhanced superoxide generation 10 h after UVB exposure in the zinc pre-exposed cells. The overall survival was unaffected; however, there was a decrease in the percentage of early apoptotic cells and an increase in the percentage of late apoptotic plus necrotic cells.
Our results suggest that exposure of human keratinocytes to non-toxic concentrations of ZnCl 2 impacts gene expression, cell proliferation and the response to environmental stress in skin. It would be important to further examine the role of zinc in skin and to further clarify if this issue can affect our thinking about the pathogenesis of skin diseases.
Introduction
Zinc is an essential microelement, and its importance in skin is shown by the severe skin symptoms of hereditary or acquired zinc deficiency, including erythaematous rashes, scaly plaques, and ulcers at orifices and acra 1, 2 , and by the ability of systemic or topical zinc preparations to improve hair loss, acne and several inflammatory skin conditions 3 .
Zinc content of the body is associated with skin by approximately 9%, primarily with the epidermis (50-70 μg g −1 dry weight) 4, 5 , and 50% of the available zinc is localised to the cytoplasm, while 30-40% is localised in the nucleus, and the remainder is associated with the plasma membrane 6 . The cellular level and distribution of zinc is tightly controlled by zinc importers and transporters 7 . The metallothionein (MT)/thionein couple sequester or release zinc depending on the local redox state, thereby influencing the function of numerous proteins, transcription factors and enzymes 8 . An imbalance in the MT protein level can be detected in different skin cancers, in squamous cell carcinoma and in malignant melanoma 9, 10 . Indeed, the prevalence of genes encoding zinc proteins is estimated to be over 3% of the 32,000 identified genes 3 . According to Schwartz et al., over 300 zinc-dependent enzymes have been identified and characterised 11 . A close relation between redox homeostasis and the regulation of different protein functions by zinc can provide an important, fine-tuned control mechanism in the cell, but this process has been evidenced biochemically and has not been well studied in biological systems. On the other hand, zinc exposure of skin keratinocytes via cosmetic products, sunscreens and dermatological topical treatment occurs daily 4, 12 . The toxic effects of zinc pirithion and zinc oxide on the epidermis have been demonstrated 13, 14 ; however, it is not known whether nontoxic zinc exposure can impact the physiological functions of keratinocytes or influence the effects of other environmental factors.
Ultraviolet light B (UVB) irradiation of human skin is known to induce pathophysiological processes such as oxidative stress and inflammation and is regarded as the main pathogenic factor of skin cancer development. UVB causes skin cell damage directly by inducing the production of cyclobutane pyrimidine dimers (CPDs) and indirectly by triggering the production of reactive species and interfering with cellular redox homeostasis. Importantly, rapid intracellular elevation of zinc levels occurs in keratinocytes after UVB irradiation 15, 16 , and the level of MT is higher in the epidermis after acute UV exposure, while the skin of MT knockout mice is more susceptible to UVB 17 . Previously, it was found that solar (i.e., mixed)
UV irradiation of keratinocytes exposed to zinc chloride (ZnCl 2 ) enhances cell survival and is able to reduce the immediate DNA damage 18, 19 and DNA fragmentation after exposure 20 . In this study, we aimed to obtain further experimental evidence on the effect of Zn (II) exposure on human keratinocyte function in conventional culture and under stressed conditions using UVB irradiation, the main environmental harmful factor to skin.
Materials and methods

Cell culture, UVB-irradiation apparatus, and ZnCl 2 treatment
HaCaT human keratinocytes were obtained from ATCC and maintained in high-glucose DMEM (PAA, Traun, Austria) supplemented with 10% foetal bovine serum ((FBS) Lonza, Verviers, Belgium), 2 mM L-glutamine (PAA, Traun, Austria), 100 U/mL penicillin G, 0.1 mg/mL streptomycin sulphate, and 0.25 μg/mL amphotericin B (Sigma-Aldrich, St. Louis, MO, USA) in an atmosphere of 5% CO 2 at 37°C. In the UV irradiation experiments, the culture medium was replaced with sufficient phosphate-buffered saline (PBS) (DPBS, Lonza, Verviers, Belgium) to avoid dehydration. The cells were then exposed to UVB (20 mJ/cm 2 )
using a TL20W/12 RS broadband, filtered UVB lamp (Philips, Germany), which had an emission spectrum of 280-370 nm, with a peak at 312 nm. The UV intensity was controlled with a UV light meter (UVP Inc., San Gabriel, USA 
Cell proliferation
Cells were treated with 50 or 100 µM ZnCl 2 for 72 h, and cell proliferation was measured using the EZ4U assay (Biomedica, Vienna, Austria) according to the manufacturer's instructions. The optical density (OD) was determined at 450 nm using an Anthos 2020 microplate reader (Biochrom Ltd., Cambridge, UK).
Cyclobutane pyrimidine dimer (CPD)-ELISA
Cells were treated with ZnCl 2 for 24 h and/or UVB irradiated, and genomic DNA was 
TaqMan Low-Density Array (TLDA)
Cells were treated with ZnCl 2 for 4 or 24 h, and relative gene expression was measured. In a parallel experiment, cells were pre-treated with ZnCl 2 for 24 h and then UVB irradiated. Six hours after exposure, total RNA was isolated using Trizol Reagent (MRC Inc., Cincinnati, Ohio, USA), and total RNA was quantified using a Nanodrop 2000 (Thermo Fisher Scientific, Wilmington, USA). cDNA was then synthesised using the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. We designed Custom TaqMan Array Microfluidic Cards (384-well) by first selecting 91 genes based on their roles connected to zinc and the UVB response.
The selected genes were involved in cell cycle progression, inflammation, apoptosis, DNA repair, and antioxidant defence (Supplementary 1). Genes connected with zinc homeostasis and some with an identified MRE in the promoter region were also added. The TLDA was performed using an Applied Biosystems 7900HT Real-Time PCR System according to the manufacturer's protocol. cDNA (100 ng) in 100 μL of 1X Taqman Gene Expression Master Mix (Applied Biosystems, Foster City, CA, USA) was loaded into each port of the TLDA plates, and each sample was examined in pairs. The PCR program used for amplification was as follows: 94°C for 1 min; 40 cycles of 94°C for 12 sec; and 60°C for 45 sec. The data were derived from three independently performed experiments and were analysed using SDS 2.1 software. ACTB, GAPDH, SDHA, and PGK1 were used for normalisation. Relative gene expression values were calculated using the 2 -ddCt method 21, 22 . 
Measurement of superoxide (O 2 •− ) production
Detection of hydrogen peroxide
After 4, 10 or 24 h of ZnCl 2 treatment, hydrogen peroxide production was determined using an Amplex red (10-acetyl-3,7-dihydroxyphenoxazine) assay. In this assay, a working solution of Amplex Red (Invitrogen, Eugene, Oregon, USA) at a 50-M final concentration and horseradish peroxidase (Sigma-Aldrich, St. Louis, MO, USA) at a 0.1 U/ml final concentration was added to the cells and then incubated for 20 min at room temperature.
Fluorescence was subsequently read, with excitation at 530 nm and emission at 590 nm, using 
Statistics
Statistical analysis was performed using GraphPad Prism Software 5.03 (GraphPAD Software Inc., San Diego, CA, USA), and p values were calculated using a 2-tailed Student's t test.
Statistical significance was accepted when p<0.05.
Results
Zn (II) increased cell proliferation
To examine the effect of Zn (II) exposure on cell proliferation, HaCaT cells were treated with Zn (II) at concentrations of 50 and 100 µM in growth medium containing 10% FBS, and the effects were measured using an EZ4U assay. We found that 72-h treatment with 100 µM Zn (II) resulted in significantly increased cell proliferation (1.3-fold; p=0.045) (Figure 1 ).
Zn (II) exposure impacted the expression of genes involved in zinc homeostasis, antioxidant defence, cell viability and inflammation in HaCaT cells
Then, we identified genes that showed altered expression in response to 100 µM Zn (II)-containing medium using TaqMan Low-Density Array analysis. We detected six significantly up-regulated genes with relative expression levels of at least 1.5-fold in Zn (II)-treated cells compared to the untreated controls (Table 1) (Figure 4b ).
Zn (II) caused a transcriptional shift in the UVB-modulated expression of genes
To determine the molecular mechanism behind the cellular response to the combined effects of Zn (II) and UVB exposure, we performed a TaqMan Low-Density Array analysis to characterise the gene expression changes in HaCaT cells pre-treated with Zn (II). We identified 39 differentially expressed genes in cells only submitted to UVB irradiation 6 h after exposure compared to non-irradiated control cells (Table 2 ; Supplementary 2). Twelve genes were expressed more than 2-fold higher in UVB-irradiated cells than in control cells, and TNF, PTGS2, and IL-8 showed the highest overexpression (>10-fold). We identified 27
genes that were down-regulated in UVB-irradiated cells compared to the control cells; MT1E
was the most repressed (0.12-fold). Furthermore, MTF1 levels were significantly decreased compared to the control (0.32-fold). We observed a modest modulation in gene expression when comparing Zn (II) pre-treated, UVB-irradiated cells to those that were only UVBirradiated. Zn (II) pre-exposure mainly reduced UVB-induced HIPK2 mRNA suppression and caused little modification of POLB and RAD51 mRNA levels, whose relative gene expression levels were repressed following UVB irradiation (<0.75-fold) but remained unchanged (0.761.5-fold change) when pre-treated with Zn (II).
Discussion
The events involved in the regulation of zinc homeostasis are complex and incompletely understood 24 . In the skin, zinc is related to physiological functions, as shown from the consequences of zinc deficiency 1, 2 . The use of zinc-containing topical therapeutics is widespread due to its clear benefit on cutaneous regeneration and on various inflammatory skin conditions 3 . UVB, the main harmful environmental factor in skin, induces intracellular zinc release in keratinocytes, suggesting a functional role of zinc in the UV stress response 15, 16 .
Extracellular zinc is thought to enter the cell through plasma membrane zinc importers and then is transported via a muffler with high affinity for zinc (e.g., MT) to intracellular storage sites such as the endoplasmic reticulum 25 . Passive diffusion of zinc across cell membranes is not possible 26 . Bozym et al. 27 investigated the effect of cell culture medium on the intracellular Zn (II) concentration and found that both the type of cell and the medium influence the intracellular free Zn (II) level during exposure to a certain concentration of Zn (II) and that the toxicity of supplemented Zn (II) must be carefully investigated. Previous experiments have shown that the exposure of HaCaT keratinocytes to 100 μM ZnCl 2 was nontoxic to the skin cells 28 , and we have not found this concentration to be toxic in our experimental conditions. Based on the calculations of Bozym et al. 27 , 100 μM Zn (II) treatment leads to an approximate 100-nM increase of intracellular Zn (II). We also investigated the mRNA expression of MT isoforms. More than 10 functional MT isoforms are present in humans and are classified into four groups; we analysed the mRNA expression of nine of the MT isoforms from the MT1 and MT2 groups in keratinocytes in our experiments 29 . We detected the expression of four isoforms, namely MT2A, MT1X, MT1E, and MT1F.
Zn (II) treatment significantly increased the mRNA expression of all four MT isoforms and SLC30A1 (Table 1. in the cytoplasm of cells in malignant melanoma 10 . In the present study we found a significant proliferation advantage upon 100 μM ZnCl 2 exposure, in accordance with a previous study 28 . We also tested the effect of 50 μM ZnCl 2 treatment, but the change in proliferation was not significant. Although the effects of zinc on intracellular signalling events are not completely known, a positive impact of Zn (II) on cell proliferation might be attributed, at least in part, to the inhibition of phosphatases, leading to augmented protein tyrosine phosphorylation 30 . The proliferation advantage by Zn (II) treatment can also be a consequence of increased calcium uptake 31 or up-regulated gene expression (e.g., NOTCH1, see Table 1 ) 32, 33 . Interestingly, in aged skin, which is characterised by decreased epidermal renewal, the expression of MT is lower 34 .
The mechanism of action of zinc impact on cell signalling is not well understood 25 ; herein, we found that zinc might affect reactive oxygen species (ROS)-sensitive signalling pathways.
This is the first report demonstrating high expression of HMOX1 in cultured human promoting mitochondrial and extra-mitochondrial production of ROS 15 , the generation of ROS at a nontoxic level upon Zn (II) exposure/release has not been described. Nevertheless,
O2
•− -producing NAD(P)H oxidases are activated in response to growth factors and oncogenes, and enhanced cell proliferation was observed upon ROS-inducing, low-dose photodynamic treatment [38] [39] [40] [41] [42] . Therefore, simultaneous increases in cell proliferation and ROS levels are not conflicting. In addition, NADPH oxidase mediated the induction of NFκB and HMOX1 in human colon cancer cells 43 without inducing cell death. Furthermore, the immune response can be redox-regulated 44 , and we have observed down-regulation of some proinflammatory mediators, such as IL8 and PTGS2, which are partly regulated by redoxsensitive transcription factors (e.g., AP-1) 45 .
UVB exposure is the primary risk factor in skin-tumour development 46 . A role of zinc in the mechanism of UVB-induced cell death has already been proposed. Stork et al. 15 described that the elevation of intracellular zinc levels after UVB irradiation is proportional to the fraction of dying or dead cells, and they concluded that UVB-induced zinc release may be an important step in UVB-induced cell death pathways. The consequences of UVB-induced direct (primarily CPDs) and indirect (free radical generation) DNA damage are cell cycle arrest, DNA repair, and the induction of cell death pathways causing sunburn, inflammation, immunosuppression, and melanogenesis in the skin 47 . We measured both the CPD level and superoxide generation (Figure 3c and 3d) . Due to DNA repair processes, the amount of CPDs was decreased with time, and cells with unrepaired DNA damage were eliminated by apoptosis (Figure 4b ). Similar to the results of Saito et al., pre-treatment of cells with Zn (II) for 24 h was not sufficient to improve cell survival (Figure 4a ), although the level of induced CPD was lower in these cells 3 h after UVB irradiation 48 . We assume that MT could exert some effect on CPD formation because partial translocation of MTs to the nucleus was observed 3 h after UVB irradiation (data not shown). Nevertheless, when further analysing cell death at 24 h post-UVB irradiation, when UVB-induced apoptosis is maximal 49 , we found that the fraction of early apoptotic cells decreased, while the fraction of late apoptotic plus necrotic cells increased in Zn (II) pre-treated cells (Figure 4b ). In the context of our results, the elevation of intracellular zinc levels after UVB irradiation that was described by Stork et al. was proportional to the fraction of dying or dead cells 15 . When investigating the course of ROS production, the increase in superoxide production upon UVB treatment occurred at a maximum of 10 h, but unexpectedly, this was augmented by Zn (II) preexposure ( Figure 3c ). It has recently been described that a vicious circle of ROS-induced zinc release and zinc-driven mitochondrial ROS production is an important neuronal cell death mechanism 50 . On the other hand, it has been reported that the induction of a type of cell death other than apoptosis in cancer cells might increase the immunogenic potential of cell death 51, 52 . Whether a change in the death process upon Zn (II) pre-exposure can affect the immune response to UV-damaged cells, which would impact the development of various pathologies, e.g., autoimmunity or cancers, must be further studied.
Zinc is redox inert metal. Observed changes in ROS might be attributed to the molecular effects of Zn (II) interactions with cysteinyl thiols, which alters protein functionality and thereby their reactivity and participation in redox reactions 8 . It seems worthy to further examine the role of zinc in skin because further clarification of this issue can affect our thinking about the pathogenesis of skin diseases and can help identify new therapeutic targets. HaCaT cells were treated with 100 μM ZnCl 2 for 24 h followed by 20 mJ/cm 2 UVB irradiation, and A cell survival was measured using an EZ4U assay 24 h after UVB. B The rate of apoptosis was investigated by flow cytometry using Annexin V and propidium iodide staining 24 h after UVB irradiation. V=viability; EA=early apoptosis; LA/N=late apoptosis plus necrosis. The data were derived from three independent experiments and are presented as the mean ± SEM, p values were calculated by 2-tailed Student's t test. 
UVB irradiation
The relative gene expression in HaCaT cells exposed to 20 mJ/cm 2 UVB for 6 h or pre-treated with 100 µM ZnCl 2 for 24 h and then UVB irradiated was measured and analysed by TLDA relative to untreated cells.
ns, not significant p<0.05 1 with 2-tailed Student's t test 2 at least ±2-fold differences in each experiment between treated and untreated cells
